Croton zehntneri (CZ) é uma espécie aromática da família Euphorbiaceae, nativa do Nordeste do Brasil, rica em óleo essencial (CZEO) com propriedades antioxidante, vasorelaxante, bactericida e fungicida. Apesar dos inúmeros potenciais biológicos e farmacológicos, óleos essenciais são instáveis e possuem limitada solubilidade em água, características que podem ser melhoradas pela formação de complexos de inclusão com ciclodextrinas (CDs). No presente estudo, o complexo de inclusão de CZEO e β-CD foi preparado por co-precipitação acoplada à liofilização e secagem por atomização. O complexo de inclusão foi caracterizado por espectroscopia vibracional (espectroscopia Raman e FT-IR) e a eficiência de complexação determinada por cromatografia gasosa acoplada à espectrometria de massa (CG-EM). Foi observado que a co-precipitação acoplada à liofilização possibilitou uma maior eficiência de complexação quando comparada ao spray drying. A espectroscopia Raman confirma a formação do complexo de inclusão entre CZEO e β-CD por ambos os métodos de preparação.
Introduction
Essential oils (EOs) are natural, volatile and complex compounds, occasionally, characterized by a strong odour, extracted from various aromatic plants. They are very complex natural mixtures, which can contain a variety of components at different concentrations. Essential oils have become an integral part of everyday life and can be used as natural additives in many foods and in the compounding of cosmetics and perfumes, as well as in pharmaceutical industry because of their antibacterial, antifungal, antioxidant and anti-carcinogenic properties. 1, 2 Croton is the second largest genus of Euphorbiaceae, with approximately 1200 species distributed mainly in the tropical regions of the world. 3, 4 Several species of Croton present essential oils and active constituents such as terpenoids, flavonoids and alkaloids. 5 Published results on the essential oil of species of the genus Croton verified that the essential oil of C. zehntneri and C. nepetaefolius species are constituted by monoterpenoids and sesquiterpenoids, as well as phenylpropanoids. C. argyrophylloides presents monoterpenoids and sesquiterpenoids, but does not contain phenylpropanoids. 6, 7 Among the species of this genus, Croton zehntneri Pax et Hoffm. (Euphorbiaceae) is an aromatic plant native of the Caatinga ecosystem from the Northeast Brazil, where it is popularly called canelinha, canela de cunhã or canela-brava. It is a sub-shrub and deciduous plant, and its aroma varies among specimens of this plant collected in different regions of the Northeast, due to the variation in the concentration of the most abundant chemical constituents in their essential oils. Thus, four chemical types are distinguished for this specie: anethole -for the specimens collected in Fortaleza-CE and Viçosa-CE; eugenol -for those collected in Areia Branca-RN and Quixadá-CE; methyl-eugenol -for those collected in Ipu-CE and Oeiras-PI; estragole -for the specimens collected in Tianguá-CE and Granja-CE. The leaves of C. zehntneri are used to prepare teas, which are employed by local people to treat nervous disorders, anxiety, seizures, insomnia and to relieve gastrointestinal disturbances. [5] [6] [7] [8] [9] Estragole
(1-methoxy-4-(2-propenyl)benzene, also known as methyl chavicol) is a phenylpropene and a natural constituent of several aromatic plants essential oils such as basil (Ocimum basilicum L., Lamiaceae), tarragon (Artemisia dracunculus L., Asteraceae), anise (Pimpinella anisum L., Apiaceae), and fennel (Foeniculum vulgare var vulgare, Apiaceae). 10, 11 Further studies has shown that estragole is used as flavouring agent in seasonings, non-alcoholic beverages and condiments due to insecticidal, antiviral, antimicrobial, acaricidal, myorelaxant, anticonvulsant properties. Despite the variety of activities presented by the OEs, it has restricted applications as pharmaceutical products and food preservatives because the limited water solubility, unstable to light, heat, and oxygen, and poor bioavailability. Thus, the application fields of the representative essential oil in the food, medication, cosmetic industries and restricted characteristics can be improved by the formation of inclusion complex with cyclodextrins (CDs) without losing their bioactivity. [18] [19] [20] CDs are non-toxic cyclic oligosaccharides consisting of 6 (α-cyclodextrin), 7 (β-cyclodextrin), 8 (γ-cyclodextrin) or more glucopyranose units linked by α-(1,4) bonds, derived from enzymatic degradation of starch or by metabolism of certain bacteria, such as Bacillus macerans. 21 CDs are ring molecules, but due to the lack of free rotation at the level of bonds between glucopyranose units, they are not cylindrical but, toroidal or coneshaped. CDs cavity diameter is determined by the number of glucose units in the CD and control the size of the guest that can be encapsulated. They have a relatively hydrophilic external surface, which helps CDs to be dissolved in water and a hydrophobic interior cavity allowing them to include hydrophobic guests. The interaction between guest and CD leads to the formation of noncovalent inclusion complexes, either in solution or solid state. Inclusion complex formation is a dynamic equilibrium allowing the guest to diffuse reversibly from the CD cavity.
22,23 The β-CD has minimal solubility in water, thus is most likely to precipitate crystals, and it is most commonly used because of its high encapsulation efficiency, suitable cavity dimensions and low cost.
24-26
The choice of preparation method has been reported to affect the physicochemical properties and physiologic performances of CD based drug delivery systems. 27 Several methods have been reported for the preparation of solid drug/CD complexes. Examples includes co-evaporation, coprecipitation, spray drying, freeze-drying, kneading, sealed-heating, milling/co-grinding, microwave irradiation and supercritical fluid technology. 23, 28, 29 Most of these processing methods require either a comparatively high energy input, employ organic solvents, or both. 30 The inclusion complex can be used to combat the microbial resistance also, reducing the concentration of the compounds and the necessary doses used. In addition, the use of molecules with characteristics to form inclusion complex as CDs associated with antimicrobial substances can be improved the water solubility and extend the half-life.
31,32
The purpose of this study was to prepare inclusion complex of C. zehntneri essential oil and β-cyclodextrin by co-precipitation coupled to freeze drying and spray drying, evaluating the efficiency of complexation of each method by GC-MS, ATR-FTIR and Raman spectroscopy. 
Essential oil extraction
C. zehntneri essential oil (CZEO) was obtained from the leaves (100.0 g) by hydrodistillation using a Clevenger-type distillation apparatus for approximately 3.0 h. At the end of the process, the resulting oil was collected, dried with sodium sulphate, weighed and stored under refrigeration. The oil was solubilized in n-hexane for gas chromatography and mass spectrometry analysis.
GC-MS conditions
For the chemical composition characterization of CZEO, a gas chromatograph coupled to mass spectrometer (GC-MS) was used. A Shimadzu ® Chromatograph, model CGMS-QP2010 SE equipped with AOC-5000 automatic injector and SLB-5ms column (30 m x 0.25 mm x 0.25 μm) was used. The conditions for the CG-MS analysis were as follows: Helium as carrier gas at a flow rate of 1.0 mL.min -1 , a temperature of 250 °C in the injector; a temperature program, starting at 60 °C (3.0 min), at a rate of 3°C/min until reach 240 °C (for 10 min); the detector temperature was 250 °C. 1μL injection volume, previously the essential oil was diluted into n-hexane (1:10). The MS conditions were triple quadrupole type of ion detector operating by electronic impact (70 eV, 45 to 450Da). The identification and quantification of chemical constituents were obtained based on the areas of corresponding chromatographic peaks, determination of the Kovats Index, comparison with database records and the literature. Peaks with similarity of 95 % or greater was considered identified.
33-35

Inclusion complexes preparation
The inclusion complex of CZEO and β-CD was prepared according to method proposed by Jantarat et al., 28 with some modifications. The inclusion complexes of CZEO/β-CD were prepared at a molar ratio 1:1, defined according to CZEO composition (90 % estragole), using two preparation methods, co-precipitation coupled to freeze drying and spray drying.
For co-precipitation coupled to freeze drying, an adequate mass of CZEO was solubilized in ethanol PA, while the β-CD was solubilized in water at 55 °C. The CZEO was added under stirring to β-CD solution, removed from the heat, and stirred continuously for 4 h at 150 rpm at an average temperature of 25 °C ± 1 °C. After this period, the obtained suspension was left in a refrigerator (4 °C) overnight to accomplish the precipitation of inclusion complex. Then, the precipitate was collected, lyophilized at -85 °C in Freeze dryer (Liobras L101). The obtained inclusion complex is designed CZEO/β-CD FD.
For spray drying, the suspension formed by the CZEO and β-CD was homogenized, as described previously, followed by spray drying (BUCHI B-290), under the following conditions: input temperature 105 °C, pressure 0.9 bar and sample of 3 mL.min -1 . The obtained inclusion complex is designed CZEO/β-CD SD.
The resulting inclusion complexes powder was kept in a desiccator at 25 ± 1 °C and protected from light.
Inclusion complexes characterization
Quantification of CZEO components
For determination the concentration of the CZEO components present in the inclusion complexes, an analytical curve was prepared from several dilutions of estragole standard (Sigma-Aldrich) in n-hexane, obtaining seven dilutions ranging from 5 to 500 mg.L -1 . These solutions were analysed by GC-MS, as previously described. All the dilutions are prepared in triplicate.
Complexation efficiency
The total amount of oil in the inclusion complex was determined by method of extraction with solvent proposed by Rocha et al 19 , with some modifications. Briefly, samples equivalent to 10 mg of CZEO of inclusion complex were solubilized with 4.0 mL of distilled water in a test tube sealed with a Bakelite screw cap and extracted with 4.0 mL of n-hexane. For this, the mixture was heated in a water bath at a temperature of 85 ± 2°C for 15 min with intermittent shaking. Then it was cooled to room temperature. The nhexane phase containing the essential oil was collected with a pipette, and the aqueous phase was further subjected to two successive extractions with n-hexane (2 × 4.0 mL). The combined extracts were appropriately diluted and analysed by GC-MS for determination of complexation efficiency (CE) through equation 1. Measurements were done in triplicate.
Equation 1:
Where AIC is the estragole peak area in the inclusion complex, and ACZEO is the estragole peak area identified in the CZEO.
ATR-FTIR spectroscopy
The Attenuated Total Reflectance Fourier Transform Infrared spectroscopy spectrum (ATR-FTIR) of CZEO, β-CD, CZEO/β-CD FD and CZEO/β-CD SD inclusion complexes were obtained in the mid IR (4000-600 cm -1 ) using the spectrometer Agilent Carey 630. The samples of CZEO, β-CD and inclusion complexes were placed directly on the surface of the crystal of the ATR accessory, with light pressure applied to promote contact between the solid samples and the crystal surface. The spectra were obtained with 64 scans and a resolution of 4 cm -1
Raman spectroscopy
The Raman spectra analysis was obtained with a Bruker Senterra dispersive Raman microscope with a charge-coupled device (CCD) detection system, with a ×50 objective. The excitation wavelength was 785 nm, obtained using a solid-state laser. The measurements were calibrated with crystalline silicon and the resolution was about 3 cm -1 and for each spectrum 10 accumulations of 10 s for each spectrum.
Results and Discussion
Chemical composition of CZEO
C. zehntneri essential oil (CZEO) was obtained from the leaves hydrodistillation, the yield of EO extraction was 3 %. Several studies have shown that the C. zehntneri leaves have a rich essential oil content that usually comprises 2-4 % of the weight of dry leaves. The variance can be associated to the hour of leaf collection, season of the year, locality, climate, soil type, among others. 9 The essential oil components identification was accomplished by comparison of their GC-MS retention indices, being possible to identify 98.1 % of integrated constituents. Mass spectra were considered coincident if the similarity index was higher than 95 %. Figure 2 shows the chromatogram of CZEO, the composition of CZEO was 90.1 % estragole (i), the main component, 4.9 % bicyclogermacrene (ii), 2.1 % Methyl Eugenol (iii), 1.0 % β-caryophyllene (iv) and 1.9 % compounds could not be identified. According to Andrade et al., 36 the main component of the essential oil of C. zenhtneri from Simões-PI, Brazil, is estragole. Estragole is a component of EO with low solubility in water and high volatility. Nevertheless, the limited characteristics of the estragole can be overcome by the inclusion complex formation with cyclodextrins. 37 
Inclusion complexes preparation
Inclusion complex is an alternative process to increase the stability of volatile compounds, protecting them from adverse environmental conditions, and this is defined as a process whereby particles are surrounded by a coating, producing small capsules with many useful properties. 38 Several methods have been reported for the preparation of solid inclusion complexes with CDs. For this study, solid inclusion complexes were prepared using co-precipitation coupled to freeze drying and spray drying methods.
The determination of the practical yield is an important measure to know the efficiency of any process and to select the most effective method to produce inclusion complexes. 30 Thus, the practical yield of the complexes was calculated as a function of the mass obtained from the complex formation and the sum of the respective initial masses.
The practical yields obtained for CZEO/β-CD FD and CZEO/β-CD SD are 79 % and 82 %, respectively, values considered high for these techniques. Rudrangi et al, 30 in their study of inclusion complex preparation methods, reported a percentage practical yield of 90.1 % freeze drying and 60.3 % spray drying. Instead, Wang et al, 39 reported yields of 78.2 % related to an oil complexed by coprecipitation method. All inclusion methods result in the loss of mass of the complexes. A higher yield was expected, but recovery of the CZEO/β-CD SD was difficult due to electrostatic deposition of the complex on the internal chamber wall. Instead, the CZEO/β-CD FD yield must be related to an amount of complex that can be dissolved in the supernatant. Therefore, the preparation methods and the starting material directly influence the yield of the complexes.
Spray drying is the most commonly used encapsulation method in the food industry since it is cost effective, fast, large scale production and highly flexible. 40 However, spray drying has some limitations related to use for heat sensitive materials and it requires precise adjustment of hot gas temperature used. 41 On the other hand, freeze-drying is especially useful for heat labile guests, the low temperature minimises the loss of extremely volatile guests. The main disadvantage of this method resides without increasing scale and prolonged method. 42 In this context, spray and freeze-drying operations gain importance. However, these are the processes which operate at different conditions of temperature and time, and hence results in products with different characteristics. These processes are widely used for the microencapsulation of extracts and other bioactive compounds from natural sources.
Inclusion complexes characterization
To extend the applications of EO, it is necessary to lower the volatility of the compounds to obtain a longer shelf life of products. The encapsulation processes are means by which a liquid EO is bounded in a transporter matrix to provide a dry powder. Controlling the volatility, one can also imagine a possibility to better test the EO biological effects. 43 Complex formation is a dimensional fit between host cavity and guest molecule, which is mediated by non-polar attraction of lipophilic molecule to CD interior cavity lined with carbons, while their hydroxyl groups are oriented to their exterior surface hydrophilic. No covalent bonds are broken or formed during formation of the inclusion complex.
27,42
The chromatograms of the constituents extracted from the inclusion complexes allowed to determine the presence of the estragole in the two preparation methods, demonstrating that the use of the spray drying technique, even using heating, was able to complex the ES (Figure 3) . The efficiency of complexation, determined for the inclusion complexes prepared by co-precipitation coupled to freeze drying and spray drying, was determined in 50 % and 10 %, respectively, demonstrating a higher complexation efficiency of estragole when prepared by coprecipitation coupled to freeze drying. Our results showed relatively high complexation efficiency using co-precipitation coupled to freeze drying as compared with Kfoury et al, 44 study that used the same preparation method and β-CD:ES (β-CD: estragole) molar ratio. The complexation efficiency differs due to the use of high temperatures in the spray drying, which may have caused the loss of the content of CZEO by volatilization. On the other hand, freeze drying uses high vacuum and low temperatures, reducing the loss by volatilization.
The formation of inclusion complex is favoured by the structure and physicochemical properties of the guest molecules, which must fit totally or partially in the CD cavity. The molecular mass of the estragole (148 Da) is compatible with the size of β-CD that is capable of complexing substance in the molecular mass range of 100 to 400 Da. 8, 29 The extraction of the inclusion complex enabled to determine that only the estragole, the major constituent of CZEO was encapsulated. Thus, for the analyses of ATR-FTIR and Raman, ES will be considered the only constituent of CZEO.
ATR-FTIR spectroscopy
ATR-FTIR spectroscopy can provide important advantages with respect to the classic FTIR technique, as a consequence of the fact that no sample preparation is required and spectra are obtained avoiding all the problems related to the usual dispersion of the sample in KBr, allowing for faster measurements and higher reproducibility of the spectra, making ATR-FTIR technique very suitable also in showing differences in solid- state forms, including hydrated and polymorphic forms, and in the identification and characterization of pharmaceutical formulations. 44, 47 ATR-FTIR technique can be used to investigate the variation of shape, intensity and position of peaks. 45 The ATR-FTIR of β-CD, CZEO, CZEO/β-CD SD and CZEO/β-CD FD inclusion complexes are shown in Figure 4 . The CZEO/β-CD FD ATR-FTIR spectra were similar to the β-CD ATR-FTIR, but some peaks of CZEO (at 1245 and 1518 cm -1 attributed, respectively, to C-O aryl stretch and aromatic ring stretching) were still detected. However, they represented a very low strength probably due the low estragole quantity (5.7 % w/w) in the inclusion complexes as compared to the massive host. In addition to these effects, the OH stretching bands of β-CD were displaced at 3231 cm -1 to 3280 cm -1 in CZEO/β-CD SD and 3253 cm -1 in CZEO/β-CD FD, and the C-H stretch band of β-CD at 2919 cm -1 to 2926 cm -1 in CZEO/β-CD SD and 2906 cm -1 in CZEO/β-CD FD. 8, 19 The results of this study corroborate with those obtained by Kfoury et al 45 and Aguiar et al. 8 Therefore, the ATR-FTIR technique enabled good evidence to be obtained for complex formation between β-CD and CZEO using the co-precipitation coupled to freeze drying method. The interactions appeared to occur due to the entry of ES aromatic ring into the CD cavity.
Raman spectroscopy
Raman spectroscopy has been widely applied in the pharmaceutical industry and has been suggested as a potential tool for the study of the formation of inclusion complexes. In comparison to FTIR spectroscopy, Raman has some major advantages, coming from the fact that the Raman effect manifests itself in the light scattered a sample as opposed to the light absorbed by a sample. Consequently, Raman spectroscopy needs little or no sample preparation. 46, 48, 49 The principle of Raman spectroscopy is the changing polarizability of a bond through the absorption of light. Consequently, structures with unsaturated carbon bonds, especially when conjugated, are highly Raman active. Raman can be used monitoring of the vibration of C=C bands, which are highly sensitive to the formation of the inclusion complex. 19, 47, 48 The Raman spectra da β-CD, CZEO, CZEO/β-CD SD and CZEO/β-CD FD inclusion complexes are shown in Figure 5 . In the Raman spectrum of CZEO, Figure 5 , presents bands around 1643 cm -1 (C=C stretch), related to a double bond nonconjugated of estragole, 1610 cm -1 (C=C aromatic ring), 1298 and 1176 cm -1 (C-O-C stretch), 845 and 818 cm -1 (C-H aromatic ring) and 638 cm -1 (p-aromatic ring). These peaks represent the fingerprint of the CZEO. Analysing the β-CD spectra, the bands around 1339, 948, 861, 570, and 479 cm -1 can be related to C-H stretch, alcohol hydroxyls, C-O-C bonds between glucoses, among other correlations. When comparing the Raman spectra of CZEO/β-CD FD with CZEO, some bands have practically the same wavenumber, but increased intensity, such as, the bands around 1643 cm -1 (C=C stretch), 1616 cm -1
(C=C aromatic ring), 1298 and 1176 cm -1 (C-O-C stretch), 847 and 820 cm -1 (C-H aromatic ring) and 638 cm -1 (p-aromatic ring). [46] [47] [48] [49] [50] When analysing Raman spectra of CZEO/β-CD SD complex, same characteristics are presents, but some bands were not observed, and the spectrum has greater similarity with the β-CD spectrum.
From the Raman spectra is possible to observe the formation of inclusion complex between β-CD and CZEO and was not observed the appearance of new vibrational bands in the Raman spectra of the inclusion complexes, indicating that non-covalent chemical bonds were formed between the CZEO and β-CD.
Conclusion
The C. zehntneri leaves have a rich essential oil content, which was analysed by CG-MS and presented estragole as majority component. The CZEO and β-CD inclusion complexes were prepared by co-precipitation coupled to freeze drying and spray drying methods and characterized by ATR-FTIR and Raman. The efficiency of complexation (EC%) was determined for each inclusion complex and demonstrates the higher EC% for solid inclusion complexes prepared using coprecipitation coupled to freeze drying method, as compared to spray drying method. ATR-FTIR and Raman spectroscopy confirms the evidence the formation of the inclusion complex between CZEO and β-CD by both preparation methods. Thus, this study clearly demonstrates the encapsulation of ES with β-CD, suggesting that the complexation with CD could be an effective way to improve the stability of EO. 
